Tyrosine phosphorylation is a key mechanism for the reversible regulation of protein activity during signal transduction. The polyubiquitination-proteosome pathway plays a substantial role in the degradation of regulatory proteins in a variety of cellular processes.
. Altered protein tyrosine phosphorylation, protein ubiquitination, and protein acetylation in mammalian cells are closely related to developmental diseases and cancer. Recently, mass spectrometry has been employed for identification of proteins or peptides or more specifically, the residues bearing phosphorylation/acetylation modifications 2, 3 . However, a convenient and reliable biochemical method for identifying proteins with the aforementioned post-translational modifications as they occur within a cell lysate is still lacking.
We recently immobilized 50-100 different antibodies on a PVDF membrane for identification of protein-protein interactions in mammalian cells 4, 5 , because antibodies when immobilized on a solid support maintain their binding specificity to target proteins in cells. Meanwhile, purified recombinant proteins or synthesized peptides attached covalently to a glass slide were reported by other labs to be useful in detecting the interaction specifically with other proteins or with small molecules 6-8 . However, such designed recombinant protein or peptide arrays are mainly used for detecting in vitro protein-protein interactions. Whereas, antibody array technology can be employed to detect both in vitro and in vivo protein-protein interaction.
The current study was undertaken to determine whether antibody array technology could be used to profile protein expression and characterize changes in post-translational modifications that accompany treatment of cells with growth factors, cytokines or drugs.
Profiling Protein posttranslational modification 4 Results demonstrate an expanded application of the use of antibody arrays for profiling proteins with alterations in tyrosine phosphorylation, ubiquitination, and acetylation in mammalian cells in response to various treatments.
Experimental Procedures:
Cell cultures and antibodies. A431, HeLa, and 293T cell lines were grown in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO) with 10% fetal bovine serum (Invitrogen Carlsbad, CA) with penicillin (100 units/ml) and streptomycin (100 µg/ml) at 37 °C in 5% were washed and scanned with LI-COR scanner (Fig. 1a) . Caspase1 and IRF-1 proteins were detected in STAT1 +/+ but not in STAT1 -/-mouse fibroblast cells (Fig. 1a) , in accordance with the previous findings that STAT1 plays an essential role in the expression of these two genes 9-11 . As an additional control, STAT1 was detected in STAT1 +/+ cells but not in STAT1 -/-cells (Fig. 1a) .
To investigate whether the micro-antibody array and fluorescent microscopy systems could be useful for detecting proteins, we spotted antibodies on the poly-L-lysinecoated glass slides 12 . Cy2-and Cy5-labeled recombinant His 6 -STAT1 proteins ( were directly compared using A431 cell extracts exposed to an antibody array followed by HRP-pY20 immuno-probing. Though less sensitive as compared with the above pY20 immunoprecipitation/fluorescent-labeling assay, pY20-HRP/ECL analysis clearly displayed differential protein phosphorylation patterns between the cells treated with and without EGF (Fig. 2d) . Both methods were able to detect tyrosine phosphorylation of EGFR, STAT1, STAT3 and STAT5 in response to EGF treatment in A431 cells (Figs. 2b and 2d ).
To demonstrate the specificity of the system for detection of tyrosine phosphorylated proteins, A431 cells were treated with EGF in the presence or absence of the EGFR inhibitor Tyrphostin-AG528. When some antibodies in the array were examined individually, EGF treatment showed an increase in the cellular content of tyrosine phosphorylated EGFR, JAK2 and SOCS3 (Fig. 2e) . Tyrphostin-AG528 cotreatment effectively inhibited JAK2 or SOCS3 phosphorylation by EGF, although its effect on EGFR auto-phosphorylation was less effective (Fig. 2e) . To confirm the findings resulting from immunoblotting (Fig. 2f) . Detected with both methods (Figs. 2b and 2d ), EGF-dependent tyrosine phosphorylations of STAT1, STAT3, and STAT5 were confirmed by using antibodies that recognize specific phosphorylated STAT proteins (Fig.1g) . Thus, the antibody arrays are capable of identifying multiple pTyr-proteins within a signaling network such as that downstream of EGFR ligation.
Profiling protein poly-ubiquitination in HeLa cells.
We next applied an antibody array to poly-ubiquitination analysis. TNF-α is a proinflammatory mediator, which exerts its biological functions by binding two TNF receptors (TNF-RI and TNF-RII) and inducing protein ubiquitination (Fig.3a) . Whole (Fig. 3e) . SODD was identified as a suppressor of (Fig. 3f) . Moreover, TNF-α-mediated SODD degradation was markedly blocked by treatment with MG-132 (Fig. 3f) . Therefore, TNF-α treatment induced SODD ubiquitination and degradation may be responsible for NF-κB activation by TNF-RI 16 .
To apply antibody array for functional study of a novel gene, we screened protein ubiquitination in cells that over-express Ankyrin Repeats and SOCS box 3 (ASB3). ASB is a novel family of adaptor proteins bind to elongins B/C through its SOCS box and acts as an E3 ubiquitin ligase that targets proteins bound to its ankyrin repeats domain for ubiquitination and proteosomal degradation 18 . In 293T cells, protein ubiquitination was increased by ASB3 transfection (Fig. 4a) . Moreover, ubiquitinated proteins were pull down by anti-cMyc (ASB3) immunoprecipitation (Fig. 4a) , suggesting that ASB3 was involved in ubiquitination. To characterize protein ubiquitination mediated by ASB3, the sandwich assay was adopted by incubating the same whole cell extracts with the PVDF-antibody array immobilized with 360 antibodies followed by anti-HA-HRP/ECL blotting analysis.
Although protein ubiquitination patterns obtained from the two samples were similar, ASB3 transfection increased the intensity of the anti-HA (ubiquitin) signal for several factors including Bcl-2, Caspase14, FAF-1, Maspin, Rho C, and TNF-RII (Fig. 4b) . The fact that anti-HA signal was detected at the spot immobilized with anti-cMyc antibody ( Fig.   4b ) strongly indicates that ASB3 was either self-ubiquinated or was associated with other proteins that were ubiquitinated. Our unpublished results indicate that by binding to TNF-RII, ASB-3 terminates TNF-RII signaling by inducing TNF-RII ubiquitination and proteosome-dependent degradation 19 .
Identifying proteins acetylated in response to Trichostatin A treatment in HeLa cells.
Trichostatin A (TSA) is a specific inhibitor of histone deacetylase (HDAC) and can induce protein acetylation in mammalian cells. In HeLa cells, after 1 hr of treatment with TSA at indicated doses, a number of proteins including a protein with an apparent molecular mass of 54 kDa were acetylated as revealed by western blotting analysis using a polyclonal anti-acetyl lysine antibody (Fig. 5a ). To evaluate transcription factor acetylation, anti-acetyl-lysine precipitates from TSA-treated HeLa cells were labeled with Alexa 680 and subsequently analyzed with 12 antibodies against different STAT family members and as well as other relevant transcription factors. While STAT1, STAT2, STAT3, and STAT6
were detected as acetylated proteins in both treated and untreated cells, STAT3 acetylation was enhanced upon TSA treatment (Fig. 5b) . p53 acetylation, detected in untreated HeLa cells, was slightly enhanced in the cells that received TSA treatment (Fig. 5b ). When the above samples were analyzed with individual antibodies immobilized onto glass slides, p53 acetylation in response to TSA became obvious (Fig. 5c ). TSA-dependent acetylation of STAT3, NF-κB p65, and tubulin were clearly detected (Fig. 5c ).
To confirm the results obtained in the arrays, we chosen STAT3 and tubulin for further examination by performing immunoprecipitation and western blotting analysis. In anti-STAT3 immuno-precipitates of HeLa cells, we detected STAT3 acetylation, which was elevated by TSA treatment (Fig. 5d) . TSA has been reported to induce strong α-tubulin acetylation on lysine-40 residue within the N-terminus 20 . Utilizing a monoclonal anti-β-tubulin antibody of Santa Cruz Biotechnology Inc, we show that the strongly acetylated 54 kDa protein by TSA was tubulin (Fig. 5e ). This indicates that β-tubulin may also be acetylated by TSA.
Discussion:
Antibodies conjugated to protein G-or protein A-agarose beads have long been used for precipitating proteins on an individual basis. The approach of an antibody array offers some advantages including that membranes and glass slides can be spotted with a large In spite of the above weakness, antibody array is reliable in comparing changes of one particular protein modification under different cellular conditions. In this work, we have immobilized up to 360 antibodies, and the array can be easily expanded into a largerscale fabrication 23 . Antibody array will benefit undoubtedly from improved methods of array preparation, processing and analysis, and preparation of recombinant antibody libraries for generating antibodies with same affinity. Our work presented here indicates that the antibody array is a potentially powerful approach for profiling protein posttranslational modification events, both known and unknown, in mammalian cells. 
